Chemical modification of bioactive compounds provides ample opportunity to find and develop further potent bioactive derivatives. Functionalization of natural products and pharmaceuticals is one of the most promising approaches to construct valuable library of bioactive molecules. 1 Since bioactive molecules often possess multiple functional groups, their regioselective manipulation without protection-deprotection sequences is an attractive access to the structurally defined and diverse library in minimum steps. 2 In contrast to the well-developed enzymatic process, nonenzymatic regioselective manipulation of the multifunctionalized molecules such as polyols has been a fundamental challenge in organic synthesis. 3, 4 We have developed an organocatalytic onestep procedure for the chemo-and regioselective acylation Scheme 1. Regioselective acylation of a glucose derivative.
of a secondary hydroxy group of monosaccharides. 5 With organocatalyst 1, acylation of the intrinsically less reactive secondary hydroxy group at C(4) of octyl β-Dglucopyranoside proceeded in up to >99 % selectivity in the presence of a more reactive primary hydroxy group at C(6) and two other secondary hydroxy groups at C(2) and C(3) (Scheme 1). Thus, catalyst 1 could control the regioselectivity of the reaction independently from the intrinsic reactivity of the substrate. Indeed, the corresponding acylation with isobutyric anhydride catalysed by 4-dimehylaminopyridine (DMAP) proceeded in a random manner to give four monoacylates (47%, 6-O-: 4-O-: 3-O-: 2-O-acylate = 36 : 26 : 26 : 12), diacylates (22%), and recovery of substrate (31%). 5a,b In the course of our continuous efforts for regioselective acylation of polyols, we found that the catalyst 1 promoted the perfectly regioselective acylation of digitoxin (2) possessing four secondary hydroxy groups ( Table 1 ). The observed high regioselectivity was assumed to be the result from the combined effects of high intrinsic reactivity of the particular hydroxy group and catalyst-promoted regioselective acylation of the same hydroxy group.
We have been interested in regioselective acylation of carbohydrates because it would provide opportunities to develop compounds with potent biological activity. 6 Digitoxin (2) is a well known clinically used cardiac glycoside, which is composed of a digitoxose trisaccharide and an aglycon (digitoxigenin). g Run in the absence of collidine.
acylation of 2 was investigated with catalyst 1 and DMAP for the control experiment ( Table 1 ). The 4'''-acetate was obtained as a sole monoacylate in 66% yield together with 18% yield of the 3''',4'''-diacetate by treatment of 2 with acetic anhydride in the presence of 10 mol% of DMAP in CHCl 3 at 20 °C for 24 h, while no acylation took place in the absence of DMAP (entries 1 and 2). Similarly, DMAPcatalyzed isobutyrylation of 2 at -20 °C gave the 4'''-isobutyrate as a sole monoacylate in 80% yield, together with 10% yield of the diacylate (entry 4). Over-acylation could not be avoided even by use of less amount of acid anhydride. Treatment of 2 with 0.9 equivalent of acetic anhydride in the in the presence of 10 mol% of DMAP at 20 °C for 24 h gave 66% yield of monoacylate and 11% of diacylate, together with 20 % recovery of 2. (Entry 3) The observation indicates that C(4''')-OH is the most reactive among four secondary hydroxy groups of 2, and C(3''')-OH is the second most reactive. 8 On the other hand, acetylation of 2 in the presence of 10 mol% of catalyst 1 gave the 4'''-acetate as a sole product in 98% yield without the concomitant formation of the diacylate (entry 5).
9 With 1 mol% of 1 the 4'''-acetate was obtained in 92% yield without formation of the diacetate from over-acylation (Entry 6). The 4'''-isobutyrate was also obtained as the sole product in 98% yield from acylation of 2 with isobutyric anhydride in the presence of 1 (Entry 10). Benzoylation took place exclusively at C(4''')-OH without the formation of the diacylate (Entry 11). All of these results indicate that catalyst 1 further accelerates the acylation of C(4''')-OH that has high intrinsic reactivity toward acylation. By the reactions in THF, DMF, and pyridine, diacylates were formed in 15~24% yield even in the presence of catalyst 1 (entries 7-9). The observed solvent effects indicate that hydrogen bonding interaction between the catalyst and the substrate would be responsible for the exclusive formation of the 4'''-O-acylates. In our previous study on catalytic regioselective acylation of carbohydrates, we found that regioselectivity of the acylation depended strongly on the solvent polarity, and the highest regioselectivity was obtained from the reaction in chloroform. It has been proposed that hydrogen bonding interaction between the catalyst and the substrate would be critically involved for achieving high regioselectivity.
5a-c
The predominant formation of the 4'''-acylate catalyzed by DMAP seems to be a reasonable consequence from the high intrinsic reactivity of C(4''')-OH, since the highest reactivity of C(4''')-OH of digitoxin toward acetylation has already been known. 8 On the other hand, exclusive formation of the 4'''-acylate without overacylation was achievable only in the presence of catalyst 1. 10 We assume that acylation of C(4''')-OH would proceed in an accelerative manner in the presence of catalyst 1 as proposed for our previous study on the regioselective acylation of carbohydrates. 11 A hypothetical model of transition-state assembly for the regioselective acylation of C(4''')-OH of 2 is shown Figure 1 . In the case where hydrogen bond between axial C(3''')-OH 12 and an amide carbonyl of the acyl pyridinium ion is formed, the substrate would adopt a conformation in which equatorial C(4''')-OH is in the close proximity to the reactive carbonyl group of the acyl pyridinium ion, resulting in the selective acylation of C(4''')-OH. The observed solvent effects on the ratio of mono-/diacylation (entries 5-9) are consistent with the expected strength of the hydrogen bonding interactions depending on the solvent polarity. However, this seems merely a tentative understanding for the exclusive formation of 4'''-O-acylate, on the assumption that the amide carbonyl group preferentially form a hydrogen bond with axial C(3''')-OH rather than equatorial C(4''')-OH. 13 On the other hand, the hydrogen bonding effect may also decelerate the second acylation of the 4'''-O-acylate to give the diacylate. Actually, treatment of 3 (R=Ac) under the identical conditions to those for Entry 5 of Table 1 (1 in CHCl 3 ), in which the significant hydrogen bonding is expected, gave 99% recovery of 3, while that for Entry 7 (1 in THF) or Entry 2 (DMAP in CHCl 3 ), in which less significant or no hydrogen bonding effect is expected, gave the diacylate 20% (80% recovery) or 24% yield (76% recovery), respectively. These results also suggest that the 3''',4'''-diacetate was formed via acylation of the 4'''-acylate. We finally examined whether selective formation of the 4'''-O-acylate could be the result from the migration of the 3'''-O-acylate. Treatment of the 3'''-acetate 14 of digitoxin under the conditions identical to those for Entry 5 in Table 1 except for the absence of acetic anhydride gave quantitative recovery of the 3'''-acetate without any trace of formation of the 4'''-acetate. This clearly indicates that the exclusive formation of the 4'''-O-acylates is the result from the kinetic control by catalyst 1.
Introduction of various acyl groups into C(4''')-OH of 2 was examined ( Table 2 ). Regioselective lipidation of 2 was achieved with anhydrides derived from long-chain saturated fatty acids such as lauric (dodecanoic), palmitic (hexadecanoic), and behenic (docosanoic) acid, giving the corresponding 4'''-O-manoacylate as the sole product in 92%, 90%, and 96% yield, respectively, in the presence of 1 (entries 1-3 ). An acyl group derived from an unsaturated fatty acid was introduced exclusively at C(4''')-OH (entry 4). Heteroaromatic carbonyl groups such as thiophene carbonyl and furan carbonyl groups were also introduced at C(4''')-OH exclusively in 94% and 93% yield, respectively (entries 5 and 6). Similarly, a cinnamoyl group was introduced at C(4''')-OH exclusively in 90% yield (entry 7). While 2~8% recovery of 2 was observed, the formation of the diacylate was negligible in the each run of acylation of 2 promoted by 1.
Figure 1.
A hypothetical model of transition-state assembly for regioselective acylation of digitoxin (2) (the terminal digitoxose is shown) promoted by catalyst 1. Table 2 Regioselective acylation of 2 with various acid anhydride In summary, we have developed a method for organocatalytic regioselective acylation of digitoxin. This method provides the 4'''-O-manoacylate as the sole product without the concomitant formation of diacylates. The extremely high regioselectivity was assumed to be the result from the combined effects of the high intrinsic reactivity of C(4''')-OH of digitoxin and catalyst-promoted regioselective acylation.
